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(4)  Statement  of  the  Problem  Studied 

The  DARPA  Compact  Hybrid  Actuation  Program  (CHAP)  addresses  the  development  of  compact  motors 
and  actuators  that  greatly  exceed  the  power  density  and  efficiency  of  current  technology  (hydraulic,  EM, 
pneumatic)  for  use  in  future  DoD  systems.  Such  progress  is  enabled  by  the  high  potential  power  densities 
of  smart  materials,  along  with  advances  in  power  electronics  and  mechanical  components.  Building  on 
previous  DARPA  investment  via  the  SAMPSON  program,  a  key  feature  of  the  technical  approach  is 
direct  mechanical  rectification  and  accumulation  of  high  frequency  resonant  oscillation  of  a  smart 
material  drive  element  using  "mechanical  diodes."  High  power  density  is  being  pursued  through 
advances  in  such  diodes  and  in  power  electronics,  using  available  electroceramic  materials. 

Compact  actuators  that  exceed  the  power  density  and  efficiency  of  current  technology,  while 
simultaneously  offering  improved  geometric  conformability,  will  dramatically  improve  the 
manueverability  of  DoD  agile  high-speed  systems  such  as  missiles  and  UCAVs.  This  enhanced 
maneuverability  will  enable  higher-speed  systems,  reducing  strike  time  and  increasing  accuracy.  In 
addition,  this  technology  will  have  applications  to,  and  synergy  with,  other  DoD  systems  and  technology, 
such  as  radical  shape-changing  aerospace  structures,  robotic  locomotion  and  articulation,  more-electric 
vehicles,  multi-functional  structures,  and  energy  harvesting. 

Significant  technical  progress  was  made  from  July  2000  to  December  2001,  the  primary  period  of 
performance.  Nominal  additional  progress  was  made  with  greatly  reduced  funding  in  the  period  from 
January  to  December  2002.  This  supplemental  funding  mainly  served  to  support  a  graduate  student  while 
alternate  research  funding  was  sought. 
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(5)  Summary  of  the  Most  Important  Results 

•  This  research  started  from  the  1 1-arm  DARPA  SAMPSON  piezoelectric  motor,  a  proven  concept. 


A 


c 


V 


Driven  shaft 


Rotary  roller  clutch 


Central  hub 


End  mass 


Bimorph  beam 


•  Penn  State  developed  a  dynamic  model  of  2-arm  bimorph-driven  rotary  motor,  and  validated  it  by 
test;  rotary  diode  characterization  is  an  essential  element  of  the  model.  The  model  was  used  as  a  basis 
for  design  optimization,  predicting  a  3 OX  improvement  in  power  density.  To  our  surprise,  the  best 
size  was  somewhat  larger  than  the  baseline  device  that  was  already  developed.  This  was  due  mainly 
to  the  backlash  of  the  specific  roller  clutch  used  in  the  motor.  See  (Frank,  J.E.,  G.H.  Koopmann,  W. 
Chen,  E.  Mockensturm,  G.A.  Lesieutre,  and  J.Y.  Loverich,  “Modeling  And  Design  Optimization  Of 
A  Bimorph-Driven  Rotary  Motor,”  Journal  of  Intelligent  Materials  Systems  and  Structures,  2003)  for 
additional  details. 
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•  Penn  State  built  several  near-optimal  motors,  and  measured  an  11X  improvement  over  the  baseline 
SAMPSON  2-arm  design.  One  of  the  2-arm  motors  had  higher  power  output  than  the  1 1-arm 
SAMPSON  motor. 


•  Predictions  and  measurements  indicated,  however,  that  the  best  bimorph-driven  motor  built  around  a 
specific  commercial  roller  clutch  of  a  given  size  could  achieve  a  maximum  power  density  of  only 
about  30  W/kg.  This  was  deemed  to  be  inadequate  relative  to  program  goals. 


Power  -  Motor  #2  (75  Vrms) 


0  50  100  150  200  250  300  350  400 
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•  5  commercial  roller  clutches  of  various  sizes  were  characterized. 

Larger  roller  clutches  tend  to  have  smaller  angular  backlash  and 
compliance.  An  initial  attempt  to  parameterize  this  data  so  that 
scale-dependent  effects  could  be  explored  was  not  completely 
successful  because  the  5  commercial  clutches  are  similar  in  many 
regards:  the  data  is  not  information-rich. 


•  A  relatively  large  stack-driven  rotary  motor  was  built  to  exploit  this  observation.  Power  output  of  40 
W  and  specific  power  of  30  W/kg  were  measured  for  the  initial  stack-driven  motor.  This  design 
was  expected  to  provide  a  path  to  specific  powers  in  excess  of  300  W/kg  within  a  year.  For 
additional  details,  see  (Loverich,  J.Y.,  Lesieutre,  G.A.,  E.M.  Mockensturm,  G.H.  Koopmann,  and  W. 
Chen,  “A  High-Power,  Stack-Driven  Rotary  Piezoelectric  Motor,”  Journal  of  Intelligent  Materials 
Systems  and  Structures,  2003). 
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•  First-order  integrated  models  of  motor  electromechanical  operation  were  developed  and  validated. 
These  models  were  used  to  begin  to  address  the  following  questions: 

What  is  the  highest  power  density  that  can  be  obtained  from  a  motor  based  on  a  commercial 
roller  clutch? 

At  what  geometric  scale  is  this  power  density  obtained? 

If  the  power  densities  predicted  are  inadequate  relative  to  application  requirements,  what 
modifications  to  the  roller  clutch  would  be  required  to  achieve  adequate  levels? 
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•  Base-driven  resonant  drive  concepts  were  also  explored,  but  the  optimal  drive  frequency  was  found  to 
be  relatively  low  and  to  depend  strongly  on  the  load  magnitude.  An  important  feature  of  resonant 
drive  is  that  it  is  possible,  by  adjusting  the  frequency  slightly,  to  “impedance-match”  to  a  load  for 
optimal  power  delivery.  The  main  application,  however,  would  seem  to  be  for  cases  in  which  the 
piezo  drive  element  has  operating  strain  limits,  perhaps  associated  with  tensile  stresses  in  ceramics. 


Frequency  (Hz) 
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•  A  means  to  increase  power  transfer  in  linear  (stack)  -to-rotary  (motor)  motion  was  pursued  and 
developed;  this  was  the  primary  focus  of  activity  in  CY  2002  (a  single  student).  It  uses  a  nonlinear 
transmission  that  presents  the  stack  with  a  stiff  load  at  small  displacements,  and  a  softening  load  at 
larger  displacements.  This  nonlinear  transmission  delivers  approximately  40%  more  energy  to  a 
constant-torque  load  than  a  standard  method,  and  nearly  100%  to  an  elastic  load. 


Output 


This  approach  was  verified  experimentally,  with  good  agreement  between  measurement  and  theory.  For 
additional  details,  see  (Lesieutre,  G.A.,  J.Y.  Loverich,  G.H.  Koopmann,  and  E.M.  Mockensturm,  “A 
Nonlinear  Transmission  That  Increases  Piezo-Stack  Work  Output,”  Journal  of  Intelligent  Materials 
Systems  and  Structures). 
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•  A  means  to  achieve  reversible,  4-quadrant 
operation  in  a  mechanical  diode-based  piezomotor 
is  needed.  That  is,  a  motor  should  be  able  to 
deliver  power  to,  or  absorb  power  from,  a  load 
when  moving  in  either  direction.  While  important, 
this  was  a  secondary  focus  of  research  in  this 
program.  Penn  State  developed  several  concepts 
for  reversible  linear  diodes,  and  tested  them.  One 
is  based  on  moving  the  locking  rollers  using 
magnetic  force  but,  because  of  inertia,  has  some 
unavoidable  finite  response  time. 

This  is  a  topic  of  continuing  interest;  some  creative  thinking  is  needed.  Penn  State  developed  several 
concepts  for  4-quadrant  rotary  motors;  all  involve  some  kind  of  active  mechanical  diode.  A  main 
challenge  is  that  such  active  mechanical  diodes  need  to  be  able  to  operate  at  high  frequency. 

•  Virginia  Tech  researchers  built  an  efficient  drive  amplifier  for  the  11-arm  SAMPSON  motor, 
and  successfully  demonstrated  it.  They  found  that  the  capacitors  needed  inside  the  amplifier  are 
roughly  the  same  size  as  the  piezos  in  the  motors.  This  limits  how  compact  the  electronics  can  be. 
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•  Boeing  identified  several  high-speed  agile  air  vehicles  whose  missions  would  be  enabled  or 
significantly  enhanced  by  a  compact  electric  actuator.  These  include  smart  bombs  (tail 
actuation,  Small  Smart  Bomb  Range  Extension);  a  missile  (fin  control,  Common  Missile 
Program),  and  a  UCAV  (deformable  control  surface  actuation).  The  bimorph  motor  is  a 
candidate  for  lattice  fin  control,  while  the  larger  stack-driven  design  is  a  candidate  for  the  UCAV. 
There  are  applications  for  linear  as  well  as  rotary  actuators.  Volumetric  conformability  (the 
ability  to  have  unusual  form  factors)  is  also  an  advantage. 

Boeing  and  MPC  established  preliminary  actuator  requirements  for  application  to  a  high  speed  agile 
vehicles. 

One  of  the  most  promising  applications  is  the  Compact  Kinetic  Energy  Missile,  as  its  mission  is  enabled 
by  the  development  compact  actuation  technology.  Another  promising  application  is  the  Small  Diameter 
Bomb,  the  performance  of  which  is  greatly  enhanced  by  compact  actuation  technology.  One  feature  of 
the  SDB  application  is  that  the  actuator  moments  are  relatively  low,  due  to  the  use  of  lattice  fins. 


Application 

Stall  Force  / 

Torque 

Min  Force/Torque 

under  load,  at  rate 

Rate 

under  load 

Total  Deflection 

Other 

UCAV 

11.1  kN 

6.7  kN 

1 1 .4  cm/sec 

10-15  cm 

1 5  cm/sec 

no-load  rate 

JDAM 

140  N-m 

90  N-m 

1 0Odeg/sec 

50  deg 

1 70  N-m/deg  (k) 

JASSM 

170  N-m 

110  N-m 

83  deg/sec 

50  deg 

200  N-m/deg  (k) 

CKEM 

TBD 

TBD 

TBD 

TBD 

TBD 

SDB  lattice  fin 

3  N-m 

2  N-m 

100  deg/sec 

40  deg 

20  N-m/deg  (k) 

MMT  panel  fin 

20  N-m 

13  N-m 

100  deg/sec 

40  deg 

20  N-m/deg  (k) 

*  Boeing  design  was  not  selected  for  production 

UCAV  =  Uninhabited  Combat  Air  Vehicle 
Kinetic  Energy  Missile 
JDAM  =  Joint  Direct  Attack  Munition 
Bomb  (SSB/REX) 

JASSM  =  Joint  Air-to-Surface  Standoff  Missile 
Munitions  Technology 


Small  Diameter  Bomb 


CKEM  =  Compact 
SDB  =  Small  Diameter 
MMT  =  Miniature 


X-45  UCAV 
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•  MPC’s  experience  as  a  motor  manufacturer  enabled  them  to  bring  critical  realism  to  MEDIRRA 
motor  designs. 

•  A  proposal  for  Phase  2  continuation  was  submitted  to  DARPA.  The  focus  was  a  compact,  stack- 
driven  actuator  for  UCAV  control  surfaces.  Although  the  Phase  2  effort  was  not  supported  by 
DARPA,  Penn  State  continues  to  explore  the  concept  while  seeking  continuing  research  support. 


Technology  transfer 

Boeing  and  MPC  led  the  transition  of  this  technology  to  aerospace  applications.  It  would  be  somewhat 
premature  to  begin  formal  technology  transfer  from  this  project,  although  there  were  discussions  with 
potential  users  of  such  technology,  including  the  Army  Common  Missile  program.  MPC  has  some 
interest  in  trying  to  commercialize  a  version  of  the  motor  in  its  present  state  of  development.  With  that 
approach,  potential  users  might  identify  themselves  and  their  applications,  applications  the  technology 
development  team  is  unaware  of. 

Penn  State  fielded  inquiries  from  several  companies  about  piezoelectric  motor  technology,  among  them, 
Dynetics.  Dynetics  makes  a  “lattice  fin”  for  missile  applications  (recently  featured  in  Aviation  Week  & 
Space  Technology),  and  they  were  interested  in  high  performance  actuators  that  could  fit  in  a  confined 
space. 
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